Elongin is a heterotrimeric transcription elongation factor composed of subunits A, B, and C in mammals. Elongin A and C are F-box-containing and SKP1 homologue proteins, respectively, and are therefore of interest for their potential roles in cell cycle-dependent proteolysis. The elongin (SIII) complex strongly stimulates the rate of elongation by RNA polymerase II by suppressing transient pausing by polymerase at many sites along the DNA (1, 2). In mammals, elongin is a trimeric complex. Elongin A is the catalytic subunit. Elongins B and C form a binary complex that is capable of enhancing the transcriptional activity of elongin A (3, 4). Elongin C binds directly to elongin A in the absence of elongin B to form an elongin A͞C complex with increased specific activity in transcription. In contrast, elongin B does not bind stably to elongin A in the absence of elongin C. Instead, elongin B appears to play a chaperone-like role in the assembly of the elongin A͞B͞C complex by binding to elongin C and promoting its interaction with elongin A.
The elongin (SIII) complex strongly stimulates the rate of elongation by RNA polymerase II by suppressing transient pausing by polymerase at many sites along the DNA (1, 2) . In mammals, elongin is a trimeric complex. Elongin A is the catalytic subunit. Elongins B and C form a binary complex that is capable of enhancing the transcriptional activity of elongin A (3, 4) . Elongin C binds directly to elongin A in the absence of elongin B to form an elongin A͞C complex with increased specific activity in transcription. In contrast, elongin B does not bind stably to elongin A in the absence of elongin C. Instead, elongin B appears to play a chaperone-like role in the assembly of the elongin A͞B͞C complex by binding to elongin C and promoting its interaction with elongin A.
The product of the von Hippel-Lindau (VHL) tumor suppressor gene also binds tightly and specifically to the elongin B͞C complex in vitro (5) and in vivo (6) . When the VHL protein binds to elongin B͞C, it inhibits the ability of elongin B͞C to interact with elongin A. Binding of VHL and elongin A to the elongin B͞C complex in vitro is mutually exclusive and depends on a short sequence conserved in VHL and elongin A (3, 6, 7) . This region of VHL is frequently mutated in patients with the VHL disease, a genetic cancer syndrome characterized by the development of multiple tumors, including renal carcinomas, retinal angiomas, cerebellar hemangioblastomas, and pheochromocytomas (8) (9) (10) (11) . These mutations cause VHL to lose its ability to interact with elongin B͞C. The elongin B͞C subcomplex has also been shown to interact with SOCS box-containing proteins (12) . These protein-protein interactions appear to be mediated by the elongin C subunit.
The functional domains of mammalian (rat) elongin C have been characterized by mutagenesis studies (13) . An N-terminal region (Tyr-18 to Ile-30; see Fig. 1 ) is important for binding to mammalian elongin B, formation of the A͞B͞C complex, and activation of elongin A. Mutations in the extreme C terminus (Glu-98 to Cys-112) of elongin C have dramatic effects on elongin A͞B͞C formation but not on elongin B binding. Activation of elongin A is also affected by mutations in residues Asn-61 to Pro-97. The molecular mechanisms by which these residues contribute to the overall function of the elongin C complex is not known.
Yeast homologues of mammalian elongin A (Ela1) and C (Elc1) have been identified on the basis of sequence similarity (14, 15) . There is no obvious elongin B homologue in the yeast genome. The yeast C homologue exhibits 41% identity and 71% similarity over a 91-residue region of mammalian elongin C (15) . The greatest similarity to mammalian elongin C spans residues Glu-92 to Cys-112, which includes a region that binds to VHL and activates human elongin A. Residues 1-143 of Ela1 display 31% identity to mammalian elongin A; the greatest similarity is in the region of the mammalian protein most critical for transcriptional activity (7) . We have shown that Ela1 and Elc1 form a stable complex (14) , which serves as further evidence that these two proteins are the yeast homologues of mammalian elongin A and C.
The tripartite complex of mammalian elongin A, elongin B, and elongin C shares sequence and structural similarities with the SCF complexes [Skp1-Cdc53 (cullin)-F-box protein] involved in cell cycle-and ubiquitin-dependent proteolysis (16) (17) (18) (19) . Elongin A contains an F-box motif and elongin B, a ubiquitin-like domain (17, 20) . Elongin C is a SKP1 homologue in which one region of high similarity corresponds to the elongin B binding site ( Fig. 1) (13, 20) . While the analogy between elongin and the SCF complex is striking, to date there is no direct evidence that elongin participates in the regulation of cell cycle-dependent proteolysis. Here we present biochemical and structural data for yeast Elc1 that strengthens the analogy between Elc1 and SKP1. We show that, like SKP1, Elc1 is a homodimer in the absence of its F-box partner (Ela1), but preferentially forms a heterodimer in the presence of residues 1-143 of Ela1 [Ela1(1-143)]. Using NMR spectroscopy, we show that both Ela1 and a VHL peptide bind to a common C-terminal region of Elc1, which in the absence of a binding partner contains dynamically unstable ␣-helical structure.
MATERIALS AND METHODS
Sample Preparation. Procedures for Escherichia coli expression and purification of unlabeled, uniformly 15 N-, and 15 N, 13 C-labeled Elc1 [free and bound to unlabeled Ela1(1-143)] are described by Koth et al. (14) . Final NMR sample conditions for free Elc1 and Ela1(1-143)͞Elc1 complex were 10 mM sodium phosphate (NaP i ), pH 7.5, 500 mM NaCl, 10 M ZnSO 4 , 100 M EDTA, 7.5 mM DTT, and 0.7-1.5 mM protein concentration. Complexes of Elc1 ( Clabeled) and unlabeled VHL peptide were generated by titration of 61-l aliquots of an 18-mg͞ml solution of VHL(157-171) (NH 2 -TLKERCLQVVRSLVK-CO 2 H) into a 1.5 mM Elc1 NMR sample. Similarly, 51-l aliquots of a 10-mg͞ml solution of unlabeled elongin A peptide (NH 2 -SLQTLCEIS-LMRNHS-CO 2 H), referred to here as Ela1 (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) , was added to 0.7 mM 15 N-labeled Elc1 to produce Ela1(3-17)͞Elc1 complex. The buffer for these two complexes was as described above except for a lower NaCl concentration (100 mM) and pH (7.0).
NMR Spectroscopy and Resonance Assignments. NMR experiments were performed on Varian Unity and Unityϩ and Bruker AMX and DRX spectrometers operating at 500-, 600-, and 800-MHz proton frequencies. NMR experiments with VHL(157-171)͞Elc1 and Ela1 (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) ͞Elc1 were run at 30°C. All other experiments were carried out at 25°C. (36) and analyzed with the PIPP program (37) and NMRVIEW analysis package (38) on Sun SPARC5 and SPARC20 workstations. Typically, Lorentzian-toGaussian or shifted sine windows were applied before Fourier transformations. Data were usually zero filled in all three dimensions. Where applicable, linear prediction was also employed. The proton chemical shifts were referenced to the 0 ppm methyl resonance of external 2,2-dimethylsilapentane-5-sulfonic acid (DSS) dissolved in the appropriate buffer (39) . Nitrogen and carbon chemical shifts were indirectly referenced using ratios of 0.101329118 and 0.25144953, respectively (40) . Chemical shift indices (CSIs) of (16,000, 17,500, and 19,000 rpm). Molecular weights were calculated with Beckman XLI data analysis software in which absorbance vs. radial position data were fitted to the sedimentation equilibrium equation by using nonlinear least-squares techniques (42) . The partial specific volume and density of the sample were calculated by using the program SEDINTERP (43) from the amino acid sequence and buffer composition, respectively. Sedimentation velocity measurements using double-sector charcoal-Epon cells equipped with sapphire windows were performed on samples (4 mg͞ml) centrifuged at 40,000 rpm, and concentration distributions were determined by using Raleigh interference optics. Time derivative analysis (44) of the sedimentation velocity data was performed with the Beckman XLI data analysis software.
RESULTS

Yeast Elc1 Forms Homo-oligomers and Has Regions of Dynamic Instability.
In an effort to characterize the structure of elongin C and corresponding protein-protein complexes, we analyzed Elc1 by NMR spectroscopy. In general, the linewidths of resonance peaks were broader than expected, and many of the triple-resonance NMR spectra were of low sensitivity, suggesting Elc1 has a longer rotational correlation time than expected for a monomeric protein of Ϸ12 kDa. We also observed a drastic increase in the linewidths of Elc1 resonances with increasing concentration (from 0.3 mM to 1 mM), suggesting that Elc1 self-aggregates. Therefore, equilibrium sedimentation and sedimentation velocity studies (see supplemental text and Figs. 5 and 6, which are available on the PNAS web site, www.pnas.org) were performed to determine the quaternary structure of Elc1. Both of these methods indicate that Elc1 forms a single species with an apparent molecular mass the size of a tetramer (42-44 kDa, for the two methods; the expected molecular mass of a tetramer is 47 kDa). Interestingly, we were able to acquire triple-resonance NMR spectra, albeit with low sensitivity, even though these experiments are not expected to be successful for proteins the size of an Elc1 tetramer (45) . The apparent contradiction between NMR and sedimentation results could possibly be explained by a model for tetramerization in which two dimers form with high affinity and these in turn form a tetramer through a flexible region of the protein. The fact that only one set of resonances is observed for each residue indicates that Elc1 forms a symmetric oligomer. In the model each dimer tumbles relatively independently in solution, resulting in a correlation time closer to that of a dimer as opposed to a tetramer. Evidence supporting this model is presented below.
Several features of the NMR spectra indicate that Elc1 has regions of dynamic instability and͞or flexibility. First, only 74% of the expected peaks were observed in the 15 N HSQC spectrum ( Fig. 2A) , indicating that a subset of residues in Elc1 have dynamic properties that broaden and obscure their NH resonances beyond the broadening caused by oligomerization. Second, the peaks that are visible in the HSQC spectrum are not of uniform intensity. Finally, a significant number (11%) of NH peaks that are visible in the HSQC spectrum do not show correlations in triple-resonance or 15 N-edited NOESY spectra. These features are not consistent with a random coil, which would give rise to high-intensity peaks with narrow linewidths in all of the NMR spectra. In total, we were able to assign 64% of the backbone and C ␤ resonances of Elc1. Most, but not all, of the peaks missing from the HSQC spectrum and those lacking correlations in triple-resonance and NOESY spectra are from residues at the C terminus of Elc1. Thus, the dynamic instability of Elc1 appears to be most prominent at the C terminus, but also extends to a lesser extent throughout the protein.
The secondary structure of Elc1 was identified by using both CSI (Fig. 3A) and NOE data. Two ␤-strands joined by a short turn are found at the N terminus: strand 1, Gln-3 to Val-9, and strand 2, Asp-12 to Ile-18. These are followed by a long helical region involving residues Ser-19 to Ser-40. Beyond Ser-40, the evidence for regular secondary structural elements in the Elc1 dimer is more ambiguous. However, the data suggest the presence of an unstable ␤-strand and a helix in the regions Arg-43 to Ile-50 and His-52 to Gly-69, respectively.
The two N-terminal ␤-strands interact with each other in an antiparallel manner. This conclusion is based on a number of unambiguous long-range H ␣ -NH, H ␣ -H ␣ , and NH-NH NOEs between the two strands (Fig. 4) . ␤-Strand 1 and Asp-13 from strand 2 also interact with residues Arg-43 to Ile-50 in the central part of Elc1, and several unambiguous long-range NOEs suggest that this latter region contributes a third parallel ␤-strand to the ␤-sheet.
A Mammalian VHL Peptide Binds to Yeast Elc1 and Induces Formation of Two C-Terminal ␣-Helices. Elc1 interacts with mammalian elongin A and VHL. The interaction of Elc1 with these proteins is mediated in part by a homologous region found in the N-terminal regions of both elongin A and VHL (6, 7, 46) . To study the interaction of Elc1 with elongin A and VHL, we performed a titration of a synthetic VHL peptide with Elc1 and monitored the interaction by NMR spectroscopy. At substoichiometric concentrations of the peptide, we observed two sets of resonances that correspond to the free Elc1 oligomer and to the VHL(157-171)͞Elc1 complex. This property indicates that the Elc1͞peptide complex is long-lived on the NMR time scale, with a dissociation constant Fig. 2B . In contrast to the HSQC spectrum of Elc1 alone, the spectrum of the VHL(157-171)͞Elc1 complex contains almost all expected backbone amide peaks. Moreover, all four side-chain amide resonances (Gln-3, Gln-48, Asn-62, Asn-64) were observed. Thus, binding of the VHL peptide appears to have a global stabilizing effect on Elc1. A sedimentation velocity experiment on the VHL(157-171)͞ Elc1 complex (Fig. 6 in the supplemental data on www. pnas.org) showed that in the presence of VHL, Elc1 forms a single species the size of a dimer (apparent molecular mass 28 kDa; expected molecular mass of dimer is 23.6 kDa). We also note that during the peptide titration the NMR spectral changes occurred very slowly. The intensity of the new signals increased with time for a period as long as several hours, suggesting that the kinetics of binding is very slow, or that dissociation from tetramers to dimers is slow.
Many of the resonances from the N-terminal half of free and VHL(157-171)-bound Elc1 have very similar chemical shift patterns (compare Fig. 2 A and B) . This fact, combined with the improved quality of most NMR spectra, allowed us to assign 94% of Elc1 backbone residues in the VHL(157-171)͞ Compared with free Elc1, VHL(157-171)-bound Elc1 has additional regions of stable secondary structure, on the basis of CSI (Fig. 3B) and observed NOE patterns. These include a ␤-strand from residues Gly-42 to Lys-47 (or possibly Phe-49) and two helices from His-52 to Gly-69 and from Thr-84 to Tyr-96. While regular secondary structure in these regions could not be assigned in free Elc1, the data do not support random coil conformation. Thus, the appearance of these new elements of secondary structure in VHL(157-171)͞Elc1 is (1999) attributed to stabilization of pre-existing but dynamically unstable structural elements. The two new helices appear to be separated by a long 13-residue loop that is both highly mobile and, to a certain degree, ordered. The 15 N HSQC peaks for residues Val-70 to Ile-82 are of much greater intensity than the rest of the backbone amide signals, indicating that this region has greater mobility. A stretch of NH-NH connectivities within this loop are also observed in the 15 N NOESY-HSQC spectrum of VHL(157-171)-bound Elc1, suggesting that this loop has some degree of ordered structure. The greatest effects of the VHL peptide on Elc1 are seen in the C-terminal residues. Preliminary analysis of the 13 C filteredited NOESY spectrum of VHL(157-171)-bound Elc1 indicates that the peptide makes several contacts to side-chain protons of Elc1: ␥CH 3 and ␦CH 3 of Ile-77, ␦CH 3 of Ile-82, ␤H and ␥CH 3 of Thr-84, and ␤H of Ala-94. The above observations, combined with the fact that the peptide dissociates Elc1 from tetramers into dimers, suggest that association of Elc1 dimers into tetramers is mediated by its C-terminal residues. The extreme C terminus of elongin C is predicted by the Chou and Fasman (47) and Garnier (48) algorithms to form a short, hydrophobic ␣-helix that has the potential to form a coiled-coil protein-protein interaction domain. Small amphipathic peptides with sequences similar to those of residues Ile-77 to Ile-99 of Elc1 are capable of self-association into molten globule-like helical bundles (49) . Given that the C terminus of Elc1 appears to mediate dimer-dimer association and has molten globulelike dynamic properties, we propose that the interface between dimers to form tetramers is conformationally heterogeneous and flexible enough to allow the N-terminal regions of Elc1 to behave similar to free dimers in many NMR experiments.
Ela1 Interacts with the C Terminus of Elc1. Elongin A shares a region of sequence homology to VHL (3, 6, 7) . To analyze the interaction of elongin A with Elc1, and to compare the structures of Elc1 in each complex, we studied Elc1 complexed with both Ela1(1-143) and Ela1 (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) .
The 2D HSQC spectrum of 15 N-labeled Elc1 bound to unlabeled Ela1(1-143) (Fig. 2C ) has many peaks that coincide with those of VHL(157-171)-bound Elc1 but are absent from the HSQC spectrum of free Elc1. These include Glu-55, Val-58, Ile-82, Glu-85, Leu-89, Leu-92, Ala-94, Asp-95, and Leu-97, which are distinctive resonances of helices 2 and 3 and the intervening loop. This suggests that the C-terminal part of Elc1 adopts a similar conformation in the presence of Ela1(1-143) and VHL(157-171).
Upon addition of the Ela1(3-17) peptide, Elc1 exhibits intermediate exchange on the chemical shift time scale, in contrast to the slow exchange observed for the VHL peptide, indicating that Ela1(3-17) has lower affinity for Elc1 than does the VHL peptide. Moreover, even in the presence of excess Ela1(3-17) several peaks are missing in the HSQC spectrum, namely Ile-77, Glu-81, Glu-85, Ser-87, Leu-88, and Leu-90 to Ile-99. This observation parallels the absence of resonances seen for the dynamically unstable (molten globule-like) C terminus of free Elc1, although there are fewer missing resonances for the complex with Ela1 (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . The resonances of the remainder of the residues of Ela1(3-17)-bound Elc1 are superimposable with those of VHL(157-171)-bound Elc1 (compare Fig. 2 B and D) . Thus, the C-terminal region of Elc1 is most affected by binding of Ela1 (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) , consistent with the idea that Ela1 (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) and VHL(157-171) interact with the same region of Elc1.
Ela1 and Elc1 Form a 1:1 Heterodimer. Our studies of free Elc1 showed that a symmetric homodimer is formed, which in turn dimerizes to form a tetramer. To identify the stoichiometry of the Ela1(1-143)͞Elc1 interaction, we performed equilibrium sedimentation studies on this complex. These data demonstrate quite convincingly that Ela1(1-143)͞Elc1 forms a 1:1 heterodimer with an apparent molecular mass of 31.5 kDa (expected molecular mass of dimer is 29 kDa). It is not immediately obvious how Ela1(1-143) disrupts further the oligomerization of Elc1. Comparison of the 15 N HSQC spectra of VHL(157-171)-bound Elc1 (Fig. 2B) and Ela1(1-143)-bound Elc1 (Fig. 2C ) reveals peaks that disappear, narrow, and͞or are greatly displaced upon binding of the peptide. We find that the residues affected are not confined to specific regions of Elc1. Isotope-filtered NMR experiments should allow us to map the interaction surface of Elc1 with Ela1(1-143).
DISCUSSION
Our NMR data reveal an important role for protein dynamics in the interactions of Elc1 with its protein partners. First, binding of partner proteins or peptides to Elc1 induces and͞or stabilizes two helical elements in the C terminus of Elc1. Second, the VHL peptide folds into a helical structure upon binding to Elc1. Third, our data suggest that there may be another region besides the C-terminal helix of Elc1 which may be involved in interactions with Ela1 (1-143) . A large interaction surface between Elc1 and Ela1(1-143) could explain the strong structural and thermodynamic stabilizing effect seen for the interaction of these two proteins (14) . Using CD spectroscopy, we have shown that Ela1(1-143) is unfolded in the absence of Elc1 and that there is a large increase in helical content upon formation of the Ela1(1-143)͞Elc1 heterodimer (14) . This coupling of folding with Ela1(1-143)-Elc1 binding can be explained by both induction of the C-terminal helices in Elc1 and folding of Ela1 .
In this report, we provide evidence supporting the analogy between elongin and SCF complexes. So far the homologies between elongin and a number of SCF complexes are largely based on sequence similarities, and there is still insufficient structural information to draw direct conclusions. Functionally, there are no data to support that elongin is a ubiquitin ligase as most of the SCF complexes are. However, recent evidence links VHL to regulation of protein stability (50) . Our data support a structural similarity between Elc1 and SKP1 beyond that suggested by sequence comparison. SKP1 has recently been shown by gel filtration and gradient centrifugation experiments to be capable of forming dimers, but the residues responsible are not known (51). Our observations support formation of an Elc1 dimer, and retention of this dimer when bound to the human VHL peptide.
Since the submission of this manuscript, a paper has been published that describes the structure of the ternary complex of mammalian VHL-elongin C-elongin B (VCB) (52) . VCB is a 1:1:1 heterotrimer. Elongin C consists of a three-stranded ␤-sheet packed against four ␣-helices. Interestingly, Stebbins et al. (52) noticed that the overall fold of mammalian elongin C is very similar to that of the tetramerization domain of the Shaker potassium channel (52, 53) . The biological significance of this observation is strengthened by our sedimentation data showing that free Elc1 is a tetramer.
Our NMR-derived structural data for the yeast Elc1͞VHL peptide complex agree with all of the major features of the crystal structure of VCB. The secondary structure and topology of Elc1 correspond to those of elongin C in the crystal structure. Moreover, the interaction with VHL appears to be quite similar. In the crystal structure, the C-terminal helices of elongin C are separated by a long, well-ordered loop in an extended conformation. This extended loop together with three of the helices form a concave surface with a central pocket into which the H1 helix of the VHL ␣ domain fits. The interaction surface is dominated by hydrophobic residues. Our studies provide evidence that VHL(157-171), which is analogous to H1 of the VHL ␣ domain, assumes a helical conformation upon binding Elc1 and that the interactions are also mediated mainly by hydrophobic residues.
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Proc. Natl. Acad. Sci. USA 96 (1999) Our findings provide useful insights into key structural properties of yeast elongin C and the corresponding mammalian proteins. As previously noted, Elc1 exhibits very high sequence homology to mammalian elongin C; Elc1 also binds mammalian elongin A and VHL proteins and can even induce elongin A's transcriptional activity (15) . Elc1 does not exhibit any affinity for human elongin B (54) . Since no yeast elongin B homologue could be identified despite a complete analysis of the yeast genome, the homodimerization of Elc1 may play a role similar to that of elongin B͞C heterodimerization. We postulate that C͞C dimerization may fulfill the role played by B͞C heterodimerization in mammalian systems.
